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Brine shrimp add salt to the stew
The expression patterns of homeotic genes in a crustacean
- the brine shrimp Artemia franciscana - provide a new
perspective on the evolution of arthropod body plans.
The ancestral arthropod is thought to have had a body
made up of a series of similar segments, each bearing an
unspecialized limb. A major trend in arthropod evolution
has been an ever-increasing specialization and regional-
ization of segments [1]. Segments, or groups of segments,
have repeatedly become specialized for feeding, walking
or swimming. The distinct body regions arising from
these modifications are called tagmata. All the major
groups of extant arthropods - crustaceans, insects, che-
licerates and myriapods - have distinct tagmatization
patterns. Evidence for other, now lost, forms of arthro-
pod tagmatization is abundant in the fossil record [2].
Providing a credible explanation for the evolution of
diverse arthropod forms, both past and present, is a
challenging task.
A molecular genetic explanation for the trend of in-
creasing tagmatization during arthropod evolution was
proposed by Ed Lewis [3], based on his discovery that
unique identities of Drosophila tagmata are regulated by a
small number of homeotic (or Hox) genes, clustered in
linear arrays on the chromosome. As mutations in certain
Hox genes create flies that, superficially, mimic the mor-
phology of ancestral arthropod species, it was suggested
that underlying the increasing complexity in arthropod
body plans was a series of Hox gene duplication events,
generating an increasingly complex Hox gene cluster [3,4].
The Hox genes are not, however, unique to insects, or
even to arthropods - they are highly conserved in other
metazoan animals (reviewed in [5]). Even animals with
little external regionalization along the body axis, such as
annelids, have homologs of nearly all the Drosophila
homeotic genes, as well as additional potential Hox genes,
with no obvious homologs in Drosophila. At least in terms
of sheer numbers, the ancestral arthropod was likely to
have had as many Hox genes as a fly, making the simplest
gene duplication model for the evolution of morpho-
logical complexity in arthropods implausible [6,7].
Similarly, differences in appendage design among insects,
such as variations in wing size, seem to have arisen as a
result of changes in genes regulated by the Hox genes, and
not via the evolution of new Hox genes. In flies, each
thoracic and abdominal segment seems to have the poten-
tial to make a limb without any input from the Hox
genes. Hox genes then act to suppress limb development,
or to modify appendage identity (reviewed in [8]).
Through these two functions, the Hox genes play an
important role in the formation of discrete insect tagmata.
Fig. 1. Hox gene expression patterns in
insects and crustaceans. The relative
positions of the Antp, Ubx, abd-A and
Abd-B expression domains are con-
served between insects and crustaceans,
but the domain boundaries are not, and
do not correlate with the predicted mor-
phological boundaries between thorax
and abdomen. The expression domains
of Antp (red), Ubx (brown), abd-A
(orange) Abd-B (green) and caudal
(mauve) are shown (from 111,12,17]).
The Artemia at the top is shown in its
swimming posture. Segments that show
DlI expression are marked with blue
dots. The segments traditionally viewed
as head, thorax and abdomen are repre-
sented by slashed, speckled and cross-
hatched boxes, respectively. The
proposed region of 'trunk' homology
between Artemia and Drosophila is
within the dashed red box. The seg-
ments are abbreviated as follows: A,
abdominal; AN, antennal; G, genital;
La, labial; LB, labrum; MA, mandible;
MX, maxillary; TEL, telson; T, thoracic.
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Fig. 2. Crustacean morphological diversity. Crustacean evolution is often viewed as tending towards a decrease in segment number
with a concomitant increase in tagmatization. Some crustaceans have no tagmatization of the trunk (Remipedia); others have a distinct
thorax and abdomen. In some cases, thorax and abdomen are defined by the presence or absence of limbs (Cephalocarida, Branchio-
poda and Maxillopoda); in others, they are defined, by distinct limb morphologies (Malacostraca). A red arrow marks the position of
the genitalia in each animal. (Drawings adapted from [14,18].)
Insects have two distinct body regions behind the head: a
thorax with three walking limbs, and a limbless
abdomen. The Drosophila Hox gene Antennapedia (Antp)
promotes thoracic leg identity and represses antennal for-
mation in the thorax. The Ultrabithorax (Ubx) and abdom-
inal-A (abd-A) genes specify the abdomen by repressing
target genes that promote limb formation [9]. The
Abdominal-B (Abd-B) gene controls the terminal region
(Fig. 1; reviewed in [10]). The expression patterns of
homologs of these Hox genes in beetles, grasshoppers,
moths, butterflies and silverfish are remarkably conserved
[4]. Indeed, the conservation of the Hox gene expression
patterns led to the confident prediction that tagmata
would be similarly regulated in other arthropods.
Averof and Akam [11] have recently made the surprising
observation that the Hox gene expression patterns do not
correspond to tagmata, at least in one primitive crus-
tacean species, the brine shrimp Artemia franciscana.
Artemia has eleven thoracic (T) segments, which bear
leaf-like swimming appendages. The first two abdominal
(A) segments are fused, and carry the genital appendages.
The genitalia are followed by six limbless abdominal seg-
ments and a telson (Fig. 2). Averof and Akam [11] have
found that, in Artemia, Ubx and abd-A are expressed in
largely overlapping domains, along with Antp, through-
out the limb-bearing region; Abd-B is not expressed in
the terminal segments, as predicted, but is restricted to
the genital segments. None of the Artemia Hox genes
examined are expressed in the limbless posterior region
(Fig. 1). Thus, the correspondence between Hox genes
and tagmata in crustaceans does not mirror that in insects.
Rather than dismiss the idea that Hox genes regulate
tagmata, however, Averof and Akam [11] propose that
the Hox expression patterns themselves define homolo-
gous regions within different species, and can be used to
infer phylogeny. They formalize this concept with a
model that essentially resurrects the Lewis hypothesis,
with a new regulatory twist (see also [4]). They suggest
that the hypothetical ancestor to both insects and crus-
taceans had a single 'trunk' gene that specified the middle
region of the body (segments T1-T11). This gene dupli-
cated before the divergence of insects and crustaceans,
giving rise to the Antp, Ubx and abd-A genes. At least
primitively in crustaceans, all three genes still specify the
thorax, whereas in insects these genes have taken on the
dual function of regulating the thorax and abdomen. It is
proposed that this change in function required a mini-
mum of two key steps. First, the anterior boundaries of
the Hox expression domains along the body axis became
more staggered relative to one another, which could have
resulted from variations in the gene control regions that
may have arisen during ancestral gene duplication events.
Second, a change occurred in the regulatory interactions
between 'trunk' Hox genes and downstream target genes.
Evaluation of the premise that all three genes - Antp,
Ubx and abd-A - specify the thorax in Artemia will have
to wait until more comparative or functional data are
available. Although the expression patterns of these Art-
emia genes are largely overlapping, they do show unique
features. For example, the Artemia Antp gene is expressed
in both thorax and gnathal segments, and abd-A appears
restricted to the nervous system. Support for Akam and
Averof's proposed second step, however, has come from
data reported recently by Panganiban et al. [12]. They have
found that Distal-less (Di0, a gene required for limb for-
mation in Drosophila, is expressed in all developing limbs
of Artemia and another crustacean, Mysidopsis. In both
Artemia and Mysidopsis, within the Ubx/abd-A expression
domain, Ubx/abd-A expression coincides with Dl expres-
sion, even at the earliest stages of the development of
the limb primordia. In Drosophila, Ubx/abd-A expression
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Fig. 3. Artemia and Mysidopsis larvae.
The larvae in the right-hand panels are
stained with a nuclear dye (DAPI); those
on the left-hand side are stained with a
monoclonal antibody that recognizes a
conserved epitope in the Ubx and Abd-
A proteins. The lower of the two Mysi-
dopsis panels are older larvae. (These
larvae were prepared with the help of
G. Panganiban.)
would repress limb formation. The regulatory relationship
between these Hox genes and their downstream target Dll
is apparently not conserved in these crustaceans.
Averof and Akam [11] propose that Hox expression
patterns map fundamental and homologous regions along
the arthropod body. By this definition, the fundamental
arthropod tagmata are head, trunk, genital and post-geni-
tal (or terminal). The eleven pregenital, limbed segments
in Artemia would then be homologous to the first eleven
segments posterior to the head in insects: nearly the
entire thorax and abdomen. This is a radical idea, given
the diversity of tagmatization exhibited by crustaceans
(Fig. 2). Based on the Averof and Akam hypothesis what,
for example, would be the predicted 'trunk' in remipedes
(Fig. 2), which can have 36 limb-bearing segments pos-
terior to the head, with gonopores on the seventh
(female) and fourteenth (male) segment? If the 'trunk'
genes were expressed in the first eleven segments behind
the head, one would have to postulate that all segments
posterior to the eleventh are 'terminal', in spite of their
apparent morphological identity with the more anterior
segments. Alternatively, if the 'trunk' genes were expres-
sed in all 36 segments, and an eleven-segmented trunk is
primitive, one would have to postulate that the number
of trunk segments has increased during crustacean evo-
lution, contrary to the evolutionary trend towards a
reduction in segment number thought to have occurred
in many crustacean groups [13].
Perhaps this problem is best illustrated with another
crustacean species in which we know the Ubx/abd-A
expression pattern, the malacostracan crustacean Mysidop-
sis bahia [12]. Members of the crustacean class Malacos-
traca (Fig. 2) have, like insects, a relatively fixed pattern of
tagmatization. The textbook description is a five-seg-
mented head, an eight-segmented thorax and a six-seg-
mented abdomen, with all segments bearing appendages.
In Mysidopsis, the early Ubx/abd-A expression domain
extends from posterior T2 through A5; the posterior
boundary of this expression domain later retracts to T8
(Fig. 3). The boundaries of the early expression domain
do not correlate with thorax and abdomen; these ex-
pression domains create seemingly artificial boundaries
between T2 and T3, and between A5 and A6. Interest-
ingly, these boundaries do correspond to functional mod-
ifications along the body axis: the limbs of A6 form part
of the posterior tail fan, and the first two thoracic limbs
have been co-opted to serve as feeding appendages. This
is consistent with an alternative hypothesis for the evolu-
tion of Hox gene function, that rather than defining
homologous regions between animals, Hox gene expres-
sion patterns parallel functional adaptations.
Abd-B, the terminal member of the Hox cluster, also
emerges from Averof and Akam's study with a potentially
intriguing functional role. In Drosophila, Abd-B directs
development in the posterior abdomen, functioning in
the genital segments, A8 and A9, and in A10. Unlike Ubx
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and abd-A, Abd-B promotes genital development as well
as repressing leg formation [10]. In Artemia, Abd-B is
expressed not in the terminal abdominal segments, but in
the first two abdominal segments, which are also the gen-
ital segments. If one applies the new definition of 'trunk'
to Drosophila and Artemia, the genital segments are coinci-
dent with the posterior of the trunk in both animals. Is
Abd-B's function there to determine the terminal bound-
ary of the trunk or to position the genitalia? What would
the expression patterns be in groups where the genital
segments are not located posteriorly? For example, in one
class of myriapods, the third trunk segments are genital,
followed by many additional segments with walking legs.
In many crustacean (Fig. 2) and some insect species, the
genital segments are in variable locations throughout the
body [13,14]. It will be interesting to see what the Abd-B
expression patterns are in these other arthropods.
Finally, one of the many intriguing ideas presented by
Averof and Akam is the designation of the last six limbless
abdominal segments in Artemia as terminal. In arthropods
the most posterior structure on the body, the telson, is
held to be non-segmented, with a different embryo-
logical origin than the other segments. In Drosophila, just
anterior to the telson, and posterior to the genital
segments (Fig. 1), are two morphologically reduced seg-
ments. Averof and Akam suggest that the terminal
Artemia segments, which also lie posterior to the genital
segments, are homologous to these Drosophila segments.
In Drosophila, however, these terminal segments produce
neuromeres, coelomic sacs and perhaps, tracheal pits, in a
manner similar to the more anterior segments [10].
The whole 'terminal' region of the Artemia body corre-
sponds to segments in which the ventral nerve cord has
no ganglia or transverse commissures; this is generally
true in primitive branchiopods [15]. This difference led
Beklemishev [16] to question whether the posterior seg-
ments of the branchiopods are serial homologs of the
other body segments, or products of a secondary seg-
mentation of the telson: if the latter is true, they might
be quite unlike the terminal segments of Drosophila.
What represses limb formation in the posterior Artemia
segments if, as seems to be the case, they can develop
without input from Hox genes? Are these posterior seg-
ments simply never permissive for limb formation? It will
be interesting to learn whether caudal, or other non-Hox
genes with homeotic functions in the terminal Drosophila
segments [10], have a conserved function in the terminal
crustacean segments.
of Hox gene repression, whereas, in Artemia, limbless
segments may never express Hox genes. In addition, the
Hox genes, which repress Drosophila limb development,
are expressed in limb-bearing crustacean segments. Thus,
one major feature in body tagmatization, the positioning
of appendages, apparently results from fundamentally dis-
tinct developmental pathways in insects and crustaceans.
The challenge in understanding the genetic basis of
arthropod morphological diversity now rests in untang-
ling the variations in these developmental pathways.
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Regardless of what emerges from subsequent compara-
tive studies, several unexpected observations have come
from the analysis of Hox and limb-patterning genes in
crustaceans. In Drosophila, limbless segments are a result
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